We have investigated the behaviour of a large vibrating wire resonator in the B-phase of superfluid 3 He at zero pressure and at temperatures below 200 µK. The vibrating wire has a low resonant frequency of around 60 Hz. At low velocities the motion of the wire is impeded by its intrinsic (vacuum) damping and by the scattering of thermal quasiparticle excitations. At higher velocities we would normally expect the motion to be further damped by the creation of quasiparticles from pair-breaking. However, for a range of temperatures, as we increase the driving force we observe a sudden decrease in the damping of the wire. This results from a reduction in the thermal damping arising from the presence of quantum vortex lines generated by the wire. These vortex lines Andreev-reflect low energy excitations and thus partially shield the wire from incident thermal quasiparticles.
Introduction
Oscillating probes have been used extensively in quantum fluids research. In recent years there have been many investigations of quantum turbulence in superfluid 4 He using quartz tuning forks [1, 2] , oscillating microspheres [3] and vibrating wire resonators [4, 5] . Vibrating wire resonators are particularly useful for studying quasiparticle excitations [6, 7] and quantum turbulence [8] [9] [10] [11] [12] in superfluid 3 He.
One of the simplest methods of creating turbulence in the superfluid is to move an object through it at a sufficiently high velocity. At low velocity and at zero temperature, motion through the superfluid occurs without dissipation. However above some critical velocity v c dissipation may occur by breaking the superfluid to form excitations. For a vibrating wire in superfluid 3 He-B, the critical velocity is given by [13] [14] [15] v c = v L /3 where v L = Δ/p F is the Landau critical velocity. Previous experiments [16, 17] have shown that vortex lines are also generated above this critical velocity.
At finite temperatures, the motion of an object in superfluid 3 He is damped by thermal quasiparticle excitations [18] [19] [20] . The mean free path of thermal quasiparticles vastly exceeds the dimensions of the experimental cell at temperatures below T = 200 µK. In this ballistic regime, the thermal damping on a vibrating wire is proportional to the flux of incident quasiparticles, which falls exponentially with the Boltzmann factor exp(−Δ/kT ) where Δ is the superfluid energy gap.
Quantum vortex lines are particularly easy to detect in superfluid 3 He-B at low temperatures since they have a large cross-section for the Andreev reflection of quasiparticles [16, [21] [22] [23] . Consequently a vibrating wire surrounded by vortices is partially screened from incoming thermal quasiparticles leading to a drop in the observed damping. In previous measurements this effect was only observed when the vortices were generated from a remote source. This is because vortices are usually only generated above the critical velocity where the damping is heavily dominated by pair-breaking.
Here we present measurements carried out using a large vibrating wire designed to have a very low resonant frequency. We refer to this device as a 'floppy wire'. Below we present measurements which show a pronounced drop in the damping on the wire at velocities just below the pair-breaking critical velocity. This indicates that there are substantial amounts of vortices generated close to the critical velocity where the damping due to pair-breaking is small.
Experimental Details
The floppy wire is shown in Fig. 1 . The device was designed to allow measurements at arbitrary frequencies by using a high frequency probe current and pick-up coils to measure the wire position [24] . A similar device was recently used to probe the frequency dependence of grid turbulence [25] in superfluid 4 He. Here we describe measurements using conventional vibrating wire techniques [18, 26, 27] at the resonant frequency of the wire.
The floppy wire is made from an insulated copper clad single filament NbTi wire with a diameter of 0.1 mm. This is bent around a former into a goalpost shape of height 25 mm with a crossbar length of D = 9 mm. The device is installed in the inner section of a "Lancaster-style" nuclear demagnetization cell [28] as shown in Fig. 1 . The measurements below were taken in 3 He-B at zero pressure in a vertical magnetic field of B = 61 mT provided by a large demagnetization magnet in the 4.2 K helium bath.
When driven by an ac current I 0 e iωt the crossbar of the floppy wire experiences a Lorentz force of amplitude
(1) At the resonant frequency, the amplitude of the driving force is equal to the amplitude of the damping force opposing the motion. As the wire moves through the vertical magnetic field a Faraday voltage
is induced, where v is the velocity of the wire crossbar. The induced voltage amplitude V 0 is measured using a lock-in amplifier, referenced to the function generator which provides the driving current. In vacuum at 4.2 K the wire had a resonant frequency of f 0 = 66.394 Hz and a frequency width, corresponding to the intrinsic damping, of Δf 2 = 0.012 Hz.
The measurements below were made by slowly increasing the driving force whilst measuring the resonant signal voltage. This allows us to infer the damping force and velocity of the wire using equations (1) and (2), respectively. The frequency of the wire is adjusted for each measurement to maintain the resonance condition. This is done my minimising the component of the signal which is out-of-phase with the driving current (at resonance the velocity response should be entirely in-phase with the driving force). The drive sweeps were repeated as the experiment warmed over a temperature range of around 150 µK to 200 µK. The temperature (thermal quasiparticle density) was independently measured [31] at each measurement point using a neighbouring NbTi thermometer wire of diameter ≈4.5 µm. The dissipation from the floppy wire is quite significant so the cell temperature rises a little when the wire is driven at the highest velocities. Figure 2 show the results of drive sweeps at two different temperatures. Here we plot the amplitude of the wire velocity versus the amplitude of the damping force. At the lowest temperature, the wire velocity is roughly proportional to the damping force below a velocity v ≈ 9 mm s −1 . At higher velocities the damping force increases dramatically as energy is dissipated by breaking Cooper pairs and generating quasiparticles. Similar behaviour is observed for conventional vibrating wire resonators Fig. 2 The amplitude of the wire velocity versus the amplitude of the damping force for drive sweeps measured at two different temperatures. The onset of anomalous damping is indicated (Color figure online) [18] and for tuning forks [29] . At higher temperatures the response at low velocities is non-linear due to the thermal damping force, see below. Furthermore the velocity shows a sudden jump upwards indicating a drop in the damping.
Results
In the low temperature ballistic regime the total damping force F T ot exerted on a mechanical resonator may be broken down into three separate parts [18] 
Here F i represents the intrinsic damping from internal losses in the wire. This is approximately proportional to the velocity and is independent of temperature. The force due to generating quasiparticles by breaking Cooper pairs is given by F P B . This force rises steeply above the critical velocity [13] [14] [15] , v c = v L /3 ≈ 9 mm s −1 . The thermal damping force arises from scattering with thermal quasiparticle excitations, but is enhanced enormously by Andreev scattering from the superfluid back-flow around the wire [18] [19] [20] . The thermal damping force can be written as
where b is a constant proportional to the wire diameter and λ is a dimensionless factor of order unity which depends on the wire geometry and the superfluid backflow. This form of the thermal damping has been found to give excellent agreement with previous vibrating wire [18] and tuning fork [29] measurements. In principle Eq. (3) should include a force due to the generation of vortices. However, in practice this force is usually insignificant. This 'vortex shedding' force has only been observed as a very small anomaly, at velocities a little below the pairbreaking critical velocity, associated with localised vortex production by remnant vortices pinned to surface imperfections [32, 33] .
However the above considerations cannot account for the sudden upwards jump in velocity shown for the higher temperature data in Fig. 2 . This behavior indicates the presence of vortices which partially screen the wire from thermal quasiparticles. To model this behaviour we re-write the damping force on the wire as where f measures the fraction of thermal quasiparticles incident on the wire which are Andreev reflected by vortices generated by the wire. For a given configuration of vortices, the fractional screening f should be inversely proportional to the temperature [16] . We cannot directly measure the separate contributions to the damping given in Eq. (5). However, by comparing the low velocity damping of the floppy wire with that of the thermometer wire, we can infer the intrinsic damping of the floppy wire F i as well as the unshielded thermal damping force F T h at low velocites. To infer the thermal force at higher velocities, we need to find the value of λ in Eq. (4). We do this by fitting the measurements at moderate velocities, where there is no shielding from vortices. To find the pair-breaking contribution F P B we first use a trial function for the fractional shielding f which is inversely proportional to temperature. We can then subtract the intrinsic and shielded thermal forces to leave the pair-breaking force. The pair-breaking force should be independent of temperature, so if our trial function for f is correct then the curves for the pair-breaking force at different temperatures will collapse onto a single line. If not, we adjust our trial function until the curves do collapse. We can then fit the pair-breaking force to a smooth function of velocity. Once we have this, we can reanalyse the data to extract the fractional shielding f for all of the drive sweep measurements.
The various contributions to the total damping are shown in Fig. 3 for the drive sweep taken at a temperature of T = 181 µK. The points show the measured values. The dotted and dashed lines show the inferred contributions from the intrinsic force F i and the pair-breaking force F P B , respectively. The dash-dotted line shows the unshielded thermal damping contribution F T h . The solid line shows the sum of these three forces, corresponding to the total expected force in the absence of shielding, Eq. (3).
To obtain the fractional shielding from vortices, f , we take the difference between the expected unshielded force and the measured force and divide this by the unshielded thermal force, F T h .
The results are shown in Fig. 4 . Here we plot the fractional shielding f multiplied by temperature T versus the wire velocity for various different temperatures. The product f T defines the 'vortex signal' which gives a measure of the amount of vortices generated which 'self-shield' the wire from scattering with thermal excitations. The data at different temperatures collapse quite well onto a single curve which justifies assumptions made in the analysis.
It is interesting to note that the fractional screening f approaches 50 % at the highest velocities and the lowest temperatures. This is roughly twice larger than typical screening values observed using vibrating wire detectors [16, 17] . Such a large screening suggests that there is a very dense tangle of vortices in the immediate vicinity of the wire. However, it is not possible to infer the vortex line density without knowing the spatial distribution of the vortices. This could be found in future experiments using vibrating wire detectors [9] .
Conclusions
We have made the first measurements of 'self-shielding' of a wire resonator by vortices. The wire generates vortices that shield the wire from thermal quasiparticles. Unlike previous vibrating wire resonators, a substantial amount of vorticity is generated at, or slightly below, the onset velocity for pair-breaking. This allows the effects of the shielding to be observable even in the presence of a substantial damping force from pair-breaking. It is interesting to note that pair-breaking below the Landau velocity is only possible by the temporary population of bound-states at the wire surface [14, 30] , and that this same mechanism could be responsible for the hydrodynamic instability which leads to the generation of vortices [30] . Vortex production and pairbreaking may thus be closely linked. Indeed, we find that they have very similar onset velocities. The relative amounts of pair-breaking and vortex production may be dependent on the frequency of oscillation. We plan to study this in the future by using 'floppy wire' techniques [24, 25] to allow measurements at different frequencies.
